INTRODUCTION
Abnormalities in serotonin neurotransmission have been implicated in depression (Mann, 1999) . A recent positron emission tomography study observed lower serotonin transporter binding potential in the amygdala and midbrain of depressed subjects compared to controls (Parsey et al., 2006) . The regulation of the serotonin system depends in part on the serotonin transporter. Serotonin transporter deficient mice are behaviorally inhibited, underexploratory, underactive, underaggressive, harm avoidant and anxious, oversensitive to stimulation, and prone to exaggerated ACTH and catecholamine responses . These observations suggest that the serotonion transporter gene has a pleiotropic expression relevant to complex behavioral disorders including depression. The serotonin transporter is encoded by a single gene (SLC6A4) on chromosome 17q11.1-17q12. SLC6A4 has two prevalent polymorphisms. The first consists of a variable number of tandem repeats in intron 2 (Ogilvie et al., 1996) . The second (5-HTTLPR) is a 44-base pair insertion (L allele) or deletion (S allele) in the promoter region (Lesch et al., 1996) . Neither polymorphism influences the structure of the serotonin transporter protein but both affect gene expression. There is evidence that the S allele (14 repeat allele) of the 5HTTLPR polymorphism is inefficient in transcribing the serotonin transporter in neurons (Lesch et al., 1996) . Human lymphoblasts with an S allele express roughly half as much serotonin transporter compared to homozygous LL lymphoblasts (Lesch et al., 1996) . Functional variants of the L allele have been identified and designated as L A and L G (Nakamura et al., 2000) . The L G allele expresses comparable levels of serotonin transporter to that of the S allele and lower than that of the L allele (Hu et al., 2005; Hu et al., 2006) . The S allele of 5-HTTLPR polymorphism may attenuate the response of major depression to selective serotonin reuptake inhibitors (SSRIs) (Alessandro and Kato, 2008) but may not influence response to nortriptyline (Pollock et al., 2000a) . Negative studies also exist (Kraft et al., 2007) . Remission is recognized as the optimal target of the acute treatment of depression. Depressed patients who achieve remission are three times less likely to relapse than depressed patients left with residual symptoms (Judd et al., 1998) . A 12-week citalopram trial showed a negative association between the S allele and remission of major depression (Arias et al., 2003) . Patients homozygous for the S allele were three times less likely to achieve remission than patients with other 5-HTTLPR genotypes.
Along with genetic factors, aging related changes compromising the integrity of frontolimbic circuitry may contribute to geriatric depression non-remission (Alexopoulos, 2005) . Depressed elders have microstructural (Nobuhara et al., 2006) and macromolecular (Kumar et al., 2004; Gunning-Dixon et al., 2008) white matter abnormalities in frontolimbic pathways. White matter hyperintensities have been associated with chronicity of geriatric depression (Simpson et al., 1998) , although some disagreement exists (Salloway et al., 2002) . In two different samples, we observed that depressed elderly patients who remained symptomatic after treatment with escitalopram or citalopram (Alexopoulos et al., 2002) had lower fractional anisotropy (FA) in several frontolimbic white matter areas compared to depressed elders who achieved remission. Low FA has been used as an index of microstructural white matter abnormalities because FA has been shown to decline during the progression of degenerative disorders and in demyelinating diseases (Horsfield and Jones, 2002) . FA declines with aging and this decline is positively correlated with average grey matter thickness and negatively correlated with the volume of white matter hyperintensities (Kochunov et al., 2007) . Aging related FA decline is due to increased water diffusion (Smith et al., 2006) and has been interpreted to be a result of demyelination and/or gliosis (Mazziotta et al., 1995) .
5-HTTLPR polymorphisms may be associated with white matter integrity because 5-HTTLPR influences neurodevelopment across the life span (Gould, 1999) . Moreover, the S allele may be related to neuronal vulnerability to cortisol (O'Hara et al., 2007) and is associated with vascular risk factors (Comings et al., 1999) and cardiac events (Nakatani et al., 2005) . Thus promoting white matter changes may be one way by which 5-HTTLPR allelic status reduces the remission rate of geriatric depression. This analysis focuses on the subset of Caucasian depressed elderly patients from our escitalopram treatment trial who also had genotypic characterization. It tests the hypotheses that: 1) Depressed elderly patients have lower FA than psychiatrically normal elderly controls; and 2) the S allele genotype status is associated both with low FA in frontolimbic white matter areas and with low likelihood of remission of geriatric depression.
METHODS

Subjects
Two groups of Caucasian subjects were included in this analysis. The few African Americans of our treatment trial were excluded because they have different distribution of 5-HTTLPR polymorphisms (Lotrich et al., 2003) and higher rates of cerebrovascular risk factors than Caucasians (Cushman et al., 2008) . The depressed group (N=27) comprised consecutively recruited individuals aged 60 years and older, who met DSM-IV criteria for unipolar major depression without psychotic features and had a score of 18 or greater on the 24-item Hamilton Depression Rating Scale (HDRS) (Hamilton, 1960) . The control group (N=27) consisted of psychiatrically normal subjects (by SCID-R) recruited through advertisement. After complete description of the study to the subjects, written informed consent was obtained.
For the depressed group, exclusion criteria were: 1) history or presence of other axis I psychiatric disorders; 2) presence of delirium, history of stroke, head trauma, multiple sclerosis, and brain degenerative diseases; 3) metastatic cancer, brain tumors, unstable cardiac, hepatic, or renal disease, myocardial infarction, or stroke within the 3 months preceding the study; 4) endocrinopathies other than diabetes, lymphoma, pancreatic cancer; 5) treatment with steroids, alpha-methyl-dopa, clonidine, reserpine, tamoxifen, and cimetidine; 6) Mini-Mental State Examination score < 24 (Folstein et al., 1975) , and 7) metal implants. The same criteria were required for the normal control subjects plus absence of the diagnosis of depression and an HDRS score lower than 7. Assessment DSM-IV diagnosis was based on the SCID-R, administered at entry to the study. Depressive symptoms were assessed using the 24-item HDRS. Cognitive impairment was rated with the Mini Mental State Examination, disability was quantified with the World Health Organization Disability Assessment Schedule (Epping-Jordan JA, 2000) , and vascular risk factors were assessed with the Cerebrovascular Risk Factor Assessment (CRFA) (Wolf et al., 1991) . The CRFA score reflects the percentage of individuals expected to have a stroke in the next 10 years.
Treatment
The depressed group had a 2-week, single-blind, placebo drug-wash-out phase. Those who still met DMS-IV criteria for major depression and had HDRS≥18, were genotyped, had a brain MRI and received controlled treatment with escitalopram 10 mg daily for 12 weeks. Subjects received their medication in one-week supply blisters.
Depressed subjects were assessed weekly. Follow-up meetings consisted of a rating session with a research assistant followed by a brief session with a research psychiatrist. Research assistants administered the HDRS, obtained vital signs, questioned the subjects about medication adherence and inspected the escitalopram blister package. No subject received psychotherapy. Remission was defined as HDRS≤7 for two consecutive weeks and absence of DSM-IV diagnosis of depression.
Genotyping
Genomic DNA was isolated from whole blood samples using the QIAamp DNA blood kit (Qiagen) according to the manufacturers standard protocol. Genotyping for the 5HTTLPR was performed as reported (Wendland et al., 2006) . Amplified products were resolved on 2.5% agarose gel electrophoresis with ethidium bromide staining. Genotypes were called by visual inspection of the gel. 5-HTTLPR alleles were categorized as S and L. Functional variants of the L allele (L A and L G ) were also identified.
MRI
Brain scans were obtained with the 1.5T Siemens Vision Scanner housed at the Nathan Kline Institute Center for Advanced Brain Imaging. Patients received a magnetization prepared rapidly acquired gradient echo (MPRAGE) scan (TR=11.6ms, TE=4.9ms, matrix=256×256, FOV=320mm, NEX=1, slice thickness = 1.25 mm, 172 slices, no gap), as well as a turbo dual spin echo scan (TSE; TR=ms, TE=22/90ms, matrix=256×256, FOV=240mm, slice thickness = 5mm, 26 slices, no gap), and a diffusion tensor imaging scan (TR=6000ms, TE=100ms, matrix=128×128, FOV=320mm, NEX=7, slice thickness = 5mm, 19 slices, no gap). For the DTI scan, eight diffusion sensitization directions were used (with b=1000 s/mm 2 along with an image with no diffusion weighting (b=0 s/mm 2 ). The TSE and DTI scans were acquired in an oblique axial plane parallel to the anterior commissure-posterior commissure axis.
DTI were placed into Talairach space using methods described elsewhere . FA was computed using AFNI's nonlinear algorithm (3dDWItoDT). Intersubject registration was carried out using an automatic registration toolkit (ART). The late echo of the TSE scan was used to correct for susceptibility-induced distortion.
We used a subject whose intracranial volume was the closest to the mean of the first 11 subjects to derive the T1-weighted template for registration. The volumes were computed in MEDx (Sensor Systems, Sterling, VA) after skull stripping using the FSL's BET program (http://www.fmrib.ox.ac.uk/fsl/bet/index.html). We placed the case we chose into Talairach space using AFNI. To create a study-specific template, we iteratively registered the T1-weighted images from our subjects to this initial template and used the mean image of the final iteration as our final template.
We computed a white matter mask based on the mean FA map from a larger group of 83 subjects (including the subjects reported here) and a nonparametric histogram-based segmentation. The white matter threshold obtained in this way was applied to the mean FA map, and the resulting mask was applied to each subject's normalized FA.
Data Analysis
S and SL subjects were grouped together because only one depressed subject was an S homozygote. To test the FA related hypotheses, we conducted voxel-based analysis of FA data with respect to group membership using a general linear model with age and mean diffusivity as the covariates. Mean diffusivity was used as a covariate because it is sensitive to partial volume effects, and possibly to atrophy (Ardekani et al., 2005) . Initially, we used the thresholding method described by Baudewig et al. (Baudewig et al., 2003) as in our prior work . This approach reduces Type I error by identifying clusters of contiguous voxels (100 mm 3 ) each with significant group differences (p<0.05) and then applies the constraint that one voxel in the cluster must be significant at p<0.005. To verify our observations and further reduce Type 1 error, we used a "false discovery rate" correction (q=. 10) (Benjamini et al., 2001 ) setting an additional threshold of 50 contiguous voxels. The thresholded correlation maps were superimposed onto an MPRAGE image in Talairach space using AFNI . The hypothesis related to remission rates between S carriers vs. LL depressed subjects was tested using Fisher's Exact Test.
RESULTS
A total of 64 subjects were studied. Of these, 37 met criteria for major depression and 27 were normal control subjects. After the 2-week drug washout placebo phase, 27 continued to meet symptom severity criteria (HDRS≥18) and entered the escitalopram phase. Depressed subjects entering the treatment phase had greater HDRS (t=−32.5, df=52, p<0.0001) and WHODAS scores (t=−6.42, df=45.5, p<0.0001) than control subjects (Table 1) . However, there were no statistically significant differences in age, education, and cognitive impairment (MMSE) between depressed and control subjects.
5-HTTLPR genotypes were similarly distributed in depressed and control subjects and were in Hardy-Weinberg equilibrium; allele frequencies were similar to those reported for Caucasians. Depressed patients had lower FA compared to controls in some frontal as well as in some posterior regions identified by the Baudewig et al. method. These findings were confirmed by the false discovery method (Figure 1 ), which demonstrated lower FA in frontal regions (i.e., dorsolateral, medial frontal, and precentral) along with some posterior regions (i.e., posterior cingulate, superior temporal, precuneus, cuneus, splenium, and visual areas). Additional regions of lower FA in depressed patients were detected in the thalamus and midbrain. Depressed patients had higher FA in the external capsule, lentiform nuclei, and a region of the posterior cingulate.
Using the Baudewig et al. method (Baudewig et al., 2003) , we observed that depressed S allele carriers had lower FA in multiple frontolimbic and in some subcortical and posterior areas compared to depressed L homozygotes (Figure 2 ). These differences were confirmed by the false discovery method (Figure 3) , which demonstrated clusters of reduced FA in the dorsolateral prefrontal, dorsal and rostral anterior cingulate, posterior cingulate, medial prefrontal regions, and thalamus. In addition, the S allele carriers had lower FA in inferior parietal, cuneus/precuneus, midbrain, external capsule, and visual regions ( Table 2) .
The relationship between FA and 5-HTTLPR was attenuated in controls. Controls who were S-allele carriers had lower FA than L homozygotes in a limited number of white matter regions, i.e. lateral to the middle frontal gyrus and at the right posterior cingulate. Depressed S-allele carriers had lower FA than S-allele controls in regions including the medial prefrontal, posterior cingulate, parahippocampal, cuneus, and cerebellum.
S allele carrier status has been associated with vascular risk factors (Comings et al., 1999) and vascular disorders (Nakatani et al., 2005) . However, introducing the Cerebrovascular Risk Factor Assessment score as a covariate in comparisons of fractional anisotropy between S carriers and L homozygotes did not substantially change our findings. L G and S alleles have comparable levels of serotonin transporter expression, both of which are lower than that of L A (Nakamura et al., 2000; Hu et al., 2005) . For this reason, we reclassified the alleles on the basis of lower and higher levels of expression. L G and S were reclassified as S', and L A was reclassified as L'. Reclassification of depressed subjects resulted in S'=21 and L'=6. None of the subjects of the control group was reclassified (S'=21 and L'=6). Repeating the comparisons between S' and L' depressed subjects resulted in almost identical findings to those shown in Figure 2 and Figure 3 .
Of the 27 depressed subjects who entered the escitalopram phase, 24 completed the 12-week trial. Of the remaining 3, one had 7 weeks of treatment (withdrew because she developed hyponatremia but met criteria for remission), one had 9 weeks of treatment and exited because of worsening depression and one had 11 weeks of treatment with escitalopram (exited because he found the treatment ineffective). Thus two of the three subjects who exited prior to 12 weeks had failed to achieve remission.
Depressed S carriers had a lower remission rate (44.4%) than LL depressed subjects (88.9%), (Fisher's Exact Test p<0.0417). At study exit, S carriers had higher HDRS scores than LL carriers (t=2.91, df=25, p<0.00075). There were no statistically significant differences between depressed S carriers and depressed L homozygotes in variables likely to influence antidepressant response, including age, gender, education, age of depression first onset, number of previous episodes, severity of depression or cognitive impairment at baseline (Table 1) . Similar results were obtained when treatment outcomes were compared between S' and L' depressed subjects based on triallelic classification. Specifically, S' subjects had a lower remission rate than L' subjects (Fisher's Exact Test p<0.024) and higher HDRS scores at study exit (t=4.17, df=24.7, p<0.0003).
DISCUSSION
The principal finding of this study is that depressed elderly individuals with low serotonin transporter expressing 5-HTTLPR alleles (S carriers or S') have more microstructural white matter abnormalities in frontolimbic and other regions and are less likely to achieve remission of depression than L homozygotes. To our knowledge, this is the first study to demonstrate an association between 5-HTTLPR allele status and microstructural frontolimbic white matter abnormalities in depression. The depressed subjects of this study had more microstructural white matter frontolimbic abnormalities than normal controls. This observation suggests that our sample was similar to those of studies that documented microstructural white matter abnormalities in depressed patients (Nobuhara et al., 2006) .
The mechanisms by which low transcribing 5-HTTLPR allele status may lead to low remission rate are unclear. However, some abnormalities in serotonin-related functions have been documented in S carriers compared to L homozygotes. These include blunted neuroendocrine response to serotonin function probes (Reist et al., 2001) , lower platelet serotonin uptake (Greenberg et al., 1999) lower concentrations of the serotonin metabolite 5-hydroxy-indoloacetic acid (Williams et al., 2003) and lesser decrease in right and greater decrease in left cortical metabolism in response to citalopram administration in S carriers compared to the LL subjects (Smith et al., 2004) . These findings parallel the differences found in comparing depressed elderly patients to age-matched controls (Smith et al., 2002) .
5-HTTLPR polymorphisms may influence brain structures. Steffens et al observed that depressed elderly patients with SL genotype have more total brain lesions and white matter lesions than depressed L and S homozygotes (Steffens et al., 2008b ). In our sample, only one of the S allele carriers was an S homozygote. Thus the association between S allele status and reduced fractional anisotropy was mainly due to our SL subjects and thus consistent with the Steffens et al report. Moreover, S-allele elderly carriers with major depression had lower caudate nucleus volume than L homozygotes (Hickie et al., 2007) . Finally, non-depressed S carriers had reduced gray matter in the perigenual cingulate and amygdala and increased sensitivity in processing fearful stimuli (Pezawas et al., 2005) .
The relationship of low serotonin transporter expressing alleles to microstructural white matter abnormalities may be multi-determined. Serotonin signaling is a regulator of adult neurogenesis (Gould, 1999) and is influenced by the serotonin transporter. Low serotonin transporter expressing 5-HTTLPR alleles account for more than 30% of the variance in depression severity directly and by increasing the impact of life events (Zalsman et al., 2006) . The S allele increases the likelihood of developing depression in the presence of stress (Caspi et al., 2003) . S-allele carrier status interacts with waking cortisol and is associated with impaired memory and lower hippocampal volume (O'Hara et al., 2007) . These observations suggest that the S allele confers increased vulnerability to hyperactivity of the hypothalamicpituitary-adrenal axis. Finally, some 5-HTTLPR polymorphisms are associated with increased risk for vascular disease. SL-allele status increased cholesterol, triglycerides and risk for heart disease, angina, and heart attacks in individuals aged 50-70 years (Comings et al., 1999) . Moreover, cardiac events including cardiac death, revascularization, heart failure, reinfarction, arrhythmia, and unstable angina were more frequent after acute myocardial infarction in Sallele carriers than in L homozygotes (Nakatani et al., 2005) . This effect was in part mediated by depressive symptoms.
In our sample, taking vascular risk factors into consideration did not change the relationship of S carrier status to FA abnormalities. Vascular risk factors have an indirect relationship with cerebrovascular damage (Wolf et al., 1991) . Therefore, the association between S carrier status and FA abnormalities may be due to factors other than vascular. Alternatively, S carrier status may promote vascular damage regardless of presence or absence of vascular risk factors.
FA differences between S-allele careers and L homozygotes were most pronounced in depressed patients compared to controls. This finding suggests that the S allele may interact with factors associated with geriatric depression to promote FA abnormalities above and beyond those of normal subjects. These interactions are likely complex. First, low transporter expressing alleles may increase neuronal vulnerability to hypothalamic-pituitary-adrenal axis (HPA) hyperactivity or to vascular changes occurring during depression, thus leading to microstructural white matter abnormalities. Second, S carriers are more likely to have compromised cerebrovascular integrity than L homozygotes (Comings et al., 1999; Nakatani et al., 2005) and thus present more microstructural white matter abnormalities. Finally, microstructural white matter abnormalities in S-allele carriers may result from a combination of cerebrovascular compromise (a state predisposing to depression) (Alexopoulos, 2005) and increased sensitivity to hypercortesolemia of the S allele carriers during depressive episodes.
The small number of subjects does not permit an examination of whether the association between S-allele status and low remission rate is mediated by frontolimbic white matter abnormalities. However, similar structural brain abnormalities have been associated with poor outcomes of late life depression. We reported that low FA in several corticolimbic white matter areas predict low remission rates in depressed elderly patients treated with citalopram (Alexopoulos et al., 2002) and escitalopram . Similarly, white matter hyperintensities have been associated with chronicity of geriatric depression (Simpson et al., 1998) although negative findings also exist (Salloway et al., 2002) . Basal ganglia lesions predicted failure to respond to antidepressants (Patankar et al., 2007) . Finally, lesions in subcortical grey matter predict poor outcome of geriatric depression over a 5 year period (Steffens et al., 2005) .
Some of the metabolic changes in corticolimbic systems occurring during depression are restored with improvement of depression. Remission of depression is associated with metabolic increases in dorsal cortical regions (Drevets, 2000) . In contrast, decreases in ventral limbic and paralimbic structures, i.e. subgenual cingulate, ventral mid-and posterior insula, hippocampus and hypothalamus occur during remission (Mayberg et al., 1999) . ACC metabolic abnormalities occurring during depressive episodes are normalized during remission (Mayberg et al., 1999) . Rostral ACC hypermetabolism subsides after response to antidepressants (Mayberg et al., 1997) , ECT (Nobler et al., 2001) , or sleep deprivation (Smith et al., 1999) , and cognitive behavioral therapy (Goldapple et al., 2004) . A potential explanation of our findings is that some of the corticolimbic abnormalities of S-allele carriers interfere with the reciprocal neocortical-subcortical regulation and contribute to poor antidepressant response. Another contributor to non-remission may be the increased amygdala activation in response to negative stimuli reported in S allele carriers (Munafo et al., 2008) . Amygdalar hyperreactivity may be another source of neocortical-subcortical imbalance (Hariri et al., 2006) added to microstructural abnormalities of S allele carriers and complicating re-equilibration.
The findings of this study should be viewed in the context of its limitations. These include the small number of subjects, the lack of random sampling, the subject selection bias inherent in imaging studies (healthier patients are likely favored), the fixed dose of the antidepressant, and the absence of long-term follow-up. It is likely that some subjects may have remitted if treated with higher dosages of escitalopram or longer treatment was offered. However, the only two non-remitted subjects who exited the trial prematurely received escitalopram for 9 and 11 weeks. Moreover, there were no significant differences at baseline between remitters and nonremitters in variables associated with prediction of treatment resistance. The absence of population stratification is also a limitation of the present study but the small sample size of this study prevents a meaningful application of currently available methods for the identification of and correction for population substructure. Finally, our observations may be influenced by the large number of comparisons, as voxelwise analysis increases the risk of Type I error. To address this potential problem, we used a white matter mask to reduce the number of comparisons. We also applied a rather conservative threshold and cluster size requirement for additional protection over Type I error.
While this study found a relationship between S allele carriers and low remission rate following treatment with an SSRI, the literature suggests that the effect size of this relationship is small (Munafo et al., 2008) . Overall, SSRIs are well tolerated and effective in the elderly (Solai et al., 2001) , including patients with post-stroke depression (Starkstein et al., 2008) . Furthermore, a recent study has shown that prophylactic use of the SSRI escitalopram in stroke patients reduced the incidence of depression over 12 months of treatment compared to placebo (Robinson et al., 2008) . A theoretically, appealing observation is that paroxetine was shown to decrease beta-thromboglobulin and platelet factor 4 suggesting that it may reduce platelet aggregation and perhaps exert a protective effect on vasculature (Pollock et al., 2000b) . Moreover, paroxetine was shown to decrease platelet serotonin, an effect most pronounced in S allele carriers (Abdelmalik et al., 2008) . Nonetheless, use of SSRIs does not reduce the progression of white matter lesions in older adults over a period of 5 years (Steffens et al., 2008a) . These findings suggest that the risk-benefit of using SSRIs in depressed elderly S allele carriers needs further evaluation.
This study suggests that elderly S-allele carriers with major depression have both a low remission rate and microstructural white matter abnormalities in several areas including areas of frontolimbic networks. Microstructural abnormalities in these areas have been associated with low remission rates of geriatric depression . It remains unclear whether the risk for chronicity of geriatric depression in S-allele carriers is mediated by frontolimbic compromise along with other mechanisms. Nonetheless, these observations can be used as the basis of studies aiming to identify the relationship of the S allele to impairment in specific frontolimbic functions interfering with response of geriatric depression to antidepressants. Differences in fractional anisotropy between depressed elderly patients and non-psychiatric controls covarying for age and mean diffusivity, superimposed on a high resolution T1-weighted template. Data from every fifth sagittal slice are shown going from left hemisphere to right hemisphere. Group differences are thresholded such that 50mm 3 clusters of voxels all significant at p < .01 (q = 0.1) are identified. Differences in fractional anisotropy between depressed elderly 5HTTLPR L-allele homozygotes and S carriers covarying for age and mean diffusivity, superimposed on a high resolution T1-weighted template. Data from every fifth sagittal slice are shown going from left hemisphere to right hemisphere. Group differences are thresholded such that 100mm 3 clusters of voxels all significant at p < .05 are identified. Within each cluster, at least one voxel is significant at p< .005. Differences in fractional anisotropy between depressed elderly 5HTTLPR L-allele homozygotes and S carriers covarying for age and mean diffusivity, superimposed on a high resolution T1-weighted template. Data from every fifth sagittal slice are shown going from left hemisphere to right hemisphere. Group differences are thresholded such that 50mm3 clusters of voxels all significant at p < .01 (FDR q =0.1) are identified. Table 2 Clusters of Significant Fractional Anisotropy Differences Between Depressed Elderly S Allele Carriers and Depressed Elderly L Homozygotes after Covarying for Age and Mean Diffusivity. 
